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Modified Gravity (MG) N-body Simulations

a viable MG theory:
▶ solar system tests (needless to say);
▶ from the neutron star binary GW170817 and its electromagnetic counterpart

GRB170817A: for z ≲ 0.1, speed of light is c;
▶ from BBN and CMB: gives the correct linear perturbation predictions;
▶ from BAO: a weak gaussian prior on H(z) at redshifts corresponding to the existing

angular-diameter distance measurements from BAO;
▶ from ghost and gradient instabilities for the perturbation modes (checked by theorists).
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Full vs Phenomenological MG Modeling

▶ phenomenological parameterisation:

v rescale−−−→ γf vGR , γbest-fit
f ∼ 1?

▶ big news: γf ̸= 1 with 4.5σ confidence
level?!

▶ sysmatics difficult to control
▶ based on some simplified assumptions
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Modified Gravity (MG) N-body Simulations

• Einstein-Hilbert action variation w.r.t. inverse of metric−−−−−−−−−−−−−−−−−→ Einstein field equation
• two types of actions beyond E-H are considered in MG-GLAM:
▶ conformal coupling models:
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Modified Gravity (MG) N-body Simulations

• conformal coupling models: (ĝµν = A2(ϕ)gµν)

S =

∫
d4x
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• coupled quintessence: A(ϕ) = eβϕ/MPl,V(ϕ) =
Λ4Mα

Pl
ϕα

• symmetron: A(ϕ) = 1 +
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2M2
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• f (R) gravity:
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N-body simulations - f (R) gravity

•



dx
da =

p
a3H ,

dp
da = −∇Φ

aH

∇2Φ = 4πGa2(δρm)−
c2
2
∇2fR

∇2fR =
a2
3c2 [δR − 8πG(δρm)]


GR part (density field, Newtonian potential,
time integration), implemented in GLAM
MG part: extra scalar field fR(x, a)
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glam and mg-glam

• glam (Anatoly Klypin and Francisco Prada, arXiv:1701.05690): vanilla
Particle-Mesh (PM) N-body code for the massive production of galaxy survey
mocks
• efficiently implemented FFT Poisson solver
• pure PM code (resolution fixed), no tree-PM (e.g. gadget, arepo) or
Adaptive-Mesh-Refinement algorithms (e.g. ramses); sacrificing small-scale
accuracy for speed

• parallelisation with openmp directives ( mpi is used only to run many
realisations): one job, one computational node
for fR0 in ...: for Omegam in ...: for H0 in ...:

sbatch MG-GLAM-job(fR0, Omegam, H0, ...) #SBATCH --ntasks 1
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glam and mg-glam
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glam and mg-glam

mg-glam code tests:
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glam and mg-glam
comparison with high-fidelity simulation codes mg-gadget and mg-arepo

MG-GLAM simulations: L = 1024 h−1Mpc, 20483 particles, 40963 grids, k1% = 1 h Mpc−1,
∼ 30 h for a f (R) gravity simulation with 128 threads using one node of the
SKUN6@IAA-CSIC supercomputer, 100-300 times faster than ecosmog and mg-arepo
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glam and mg-glam

gravitational action
(beyond GR)
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Galaxy Clustering
▶ small-scale galaxy redshift-space correlation function multipole moments:

ξS
0,2,4

(
s ≲ 20 h−1Mpc; Ωm0,H0, · · ·︸ ︷︷ ︸

cosmological

; f̄R0, · · ·︸ ︷︷ ︸
MG

; Mcut,Msat, α, · · ·︸ ︷︷ ︸
HOD

)
▶ small-scale: perturbation theory based models fail, needs simulation-based

emulator [existing simulation suite: FORGE (Christian Arnold, Baojiu Li et al.,
arXiv:2109.04984)]

▶ galaxy bias model: halo model and Halo Occupation Distribution (HOD)
[in progress]

▶ real-to-redshift space mapping: the streaming model of redshift space
distortions (RSD) and the Skew-T (Carolina Cuesta-Lazaro et al., 2020,
arXiv:2002.02683) pairwise velocity distribution [done. arXiv:2110.10033]
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Real-to-Redshift Space Mapping

The streaming model of RSD (Scoccimarro 2004)
provides the exact relationship between real- and
redshift-space correlation functions:

▶ halo real-space correlation functions
▶ halo pairwise velocity moments
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Real-to-Redshift Space Mapping

▶ halo line-of-sight pairwise velocity PDF
P(v∥|r⊥, r∥), moments of PDF:

▶ Gaussian:

▶ Skew-T:
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Real-to-Redshift Space Mapping
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Real-to-Redshift Space Mapping
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Cosmological Emulator

perturbation theory-based methods fail
at small, highly non-linear scales:
▶ the combined Gaussian Streaming Model

(GSM) and Convolutional Lagrangian
Perturbation Theory (CLPT)

▶ TNS model: the perturbative expansion
of the steaming model expressions

▶ effective field theory approaches
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Cosmological Emulator

simulation-based emulator needs:
▶ an efficient parameter sampling strategy
▶ an effective interpolation scheme
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Halo Model and HOD
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